Abstract-This paper presents design optimization of a short-term duty electrical machine for extreme environments of high temperature and high altitudes. For such extreme environmental conditions of above 80°C and altitudes of 30 km, thermal loading limits are a critical consideration in machines, especially if high power density and high efficiency are to be achieved. The influence of different material on the performance of such machines is investigated. Also, the effect of different slot and pole combinations are studied for machines used for such extreme operating conditions but with short duty. In the research, a nondominated sorting genetic algorithm (NSGAII) considering an analytical electromagnetic model, structural and thermal model together with finite element methods are used to optimize the design of the machine for such environments achieving high efficiencies and high power density with relatively minimal computational time. The adopted thermal model is then validated through experiments and then implemented within the genetic algorithm. It is shown that, generally, the designs are thermally limited where the pole numbers are limited by volt-amps drawn from the converter. The design consisting of a high slot number allows for improving the current loading and thus, significant weight reduction can be achieved.
Abstract-This paper presents design optimization of a short-term duty electrical machine for extreme environments of high temperature and high altitudes. For such extreme environmental conditions of above 80°C and altitudes of 30 km, thermal loading limits are a critical consideration in machines, especially if high power density and high efficiency are to be achieved. The influence of different material on the performance of such machines is investigated. Also, the effect of different slot and pole combinations are studied for machines used for such extreme operating conditions but with short duty. In the research, a nondominated sorting genetic algorithm (NSGAII) considering an analytical electromagnetic model, structural and thermal model together with finite element methods are used to optimize the design of the machine for such environments achieving high efficiencies and high power density with relatively minimal computational time. The adopted thermal model is then validated through experiments and then implemented within the genetic algorithm. It is shown that, generally, the designs are thermally limited where the pole numbers are limited by volt-amps drawn from the converter. The design consisting of a high slot number allows for improving the current loading and thus, significant weight reduction can be achieved. cope with such conditions are undergoing significant development [1] , [2] . One of the extreme conditions is a high temperature environment, where the performance and lifetime of the electrical machines are restricted due to both winding insulation properties and magnetic materials. This can be overcome through managing temperature within the machine which allows the machine to perform reliably. Alternatively, materials that can endure the harsh operating conditions can be used but the overall performance will be compromised due to thermal effects and the poorer electrical or magnetic properties of such materials. Nevertheless, the performance can also be improved if the tradeoffs between the electromagnetic, thermal, and structural properties and associated material properties are considered in the early stage of the design [3] [4] [5] . Parametric analysis [6] [7] [8] is an effective method for the design of such machines, however, the method is timely expensive and it does not include the interaction between the design parameters. This further becomes unattractive when the multiphysics problem is considered. As an alternative, genetic algorithm (GA) which generates solutions to optimization problems using techniques such as inheritance, mutation, selection and crossover can be used for the design. The only identified drawback of GA is that the concept does not guarantee that an optimized solution will be found. However, use of GA is still a valuable design practice as it provides a multiple local optimum for a large number of parameters.
Index Terms-Extreme
Numerous studies have been carried out on machine design optimizations using GA. In [9] , an optimization technique based on GA has been proposed for surface mounted permanent magnet (SPM) machines. In [10] , a multiobjective optimization technique was used for interior PM (IPM) machines to maximize the torque while achieving high-frequency saliency to track the rotor position. Similarly, in [11] , a design methodology for an IPM machine utilizing a zero-speed injection-based sensorless control has been investigated. In [12] and [13] , a finite element (FE)-based multiobjective GA has been adopted for IPM design in view of achieving maximum torque, minimum torque ripple, maximum flux weakening capability, and minimum rotor harmonic losses. To minimize torque ripple and maximize the torque density, a biobjective optimization of PM machine with parameter variables using finite element analysis (FEA) and differential evolution (DE) has been employed in [14] . In [15] , a multiobjective optimization of an SPM motor with five variables including the minimization of total weight and maximizing a goodness function (which is defined as torque per root square of losses at rated load) was studied. The comparison analysis between the DE method and the response surface method showed that DE has better capability dealing with large candidate designs. In [16] , the optimization via DE is further extended for eight variables with the objective of relative cost of active materials per cost. GA also was employed for optimizing the shape of a magnetizer [17] , the constant-power speed range [17] , [18] , salient-pole [19] , fault-tolerance [20] , and drive system [21] , [22] .
In [23] , a filled function method to find the global minimum of multimodal and multidimensional functions has been introduced. In [24] , multiobjective particle swarm optimization (PSO) with a two-dimensional FE method was used to optimize complete machine design. In [25] , the PSO was adopted with prediction error method for the identification of the actuator model of two-pole induction machine (IM). Using PSO, the design of stress grading systems for large rotating machines was optimized in [26] , where a system with up to 11 degrees of freedom was varied. An optimization on a surface response [27] , has been created to optimize the flux switching synchronous machine. In order to reduce the number of evaluations needed to construct the predictor, an adaptive method for the trial site selection was introduced as an improvement for the Latin hypercubic sample algorithm.
A numerical model based on the FE method to gather using GA has also been used to reduce eddy current losses in permanent magnet electrical machines [28] . Similar concepts as in [28] have been implemented for minimization of iron losses [29] . To minimize the computational effort of GA, reluctance network (RN) that allows to automatically generate the airgap RN and efficiently calculate the RN for any rotor position and any geometry variation of electrical machine has been proposed [30] . It was shown that the approach has a good numerical stability, and an accurate and fast computation through an optimization using the Jacobian method. A new heuristic approach for identifying induction motor equivalent circuit parameters based on experimental transient measurements from a vector controlled induction motor drive and using an off line GA routine with a linear machine model has been studied in [31] . It was shown that accurate and fast estimation of the electrical motor parameters can be achieved. In [32] , an optimization for a high-speed PM machine designed for centrifugal air blower application has been done considering the multiphysics constraints, including the mechanical strength, rotor dynamics, mechanical losses, and thermal field. The use of analog simulations and evolutionary algorithms for the sizing of complex actuator under multiphysic constraints has been investigated and reported in [33] . Similarly, nonlinear multiphysics analysis by means of finite-element method for an induction heating device has been carried out in [34] , in which Pareto front was identified and then, compared with simplified linear analysis. Clearly, the use of GA for the optimum design of electrical machines has been well investigated for different purposes as illustrated by the broad spectrum of publications available in the literature. However, the use of GA for the design of machines for extreme environments under short-duty operation is yet to be investigated.
In this paper, the use of nondominated sorting genetic algorithm (NSGA-II) for the optimum design of a short-time duty machine operating in extreme environment is investigated. A study case of 80°C and altitudes of 30 km is considered in the design model although the conclusion applicable to other extreme environments of similar bearing on the machine operation. Of particular importance to the design is the choice of materials selected for the machine design, therefore, the environmental constraints to meet the performance requirements of machines in such environments are gathered. A complete analytical environment is adopted within the NSGA-II and then used to investigate the possible slot and pole variants to meet the target operational performance. This allows predicting the electromagnetic, thermal, and structural performances as well as interactions between them within a reduced time. As stated earlier, due to the short-term duty operation of the machine, high thermal loading is expected and therefore, the accuracy of the thermal model is fundamental to optimum design of the machines. In line with this objective, a model which represents the hotspot temperature is developed and then, experimentally validated using a motorette. After the model has been validated experimentally, the model is combined with an electromagnetic model and a structural model to perform the optimization. Although the optimization is completely based on analytical models, FE is however adopted for the final refinement of the design selected from Pareto front. The results show the performance comparison between the slot and the pole variants and how these influence the power density of the short-duty machine. It is shown that the PM design is thermally limited wherein the pole numbers are limited by the volt-amps drawn from the converter. Interestingly, when the machine is designed with high slot numbers, the thermal loading improved and the heat dissipation is more effective and thus, high power density can be achieved. It is also shown that since the copper losses are the major loss component, use of a high saturation flux density material for the stator iron and a high conductivity material for the winding allow minimizing the losses. Both the power density and the efficiency can therefore be improved. Finally, the design selection based on the performances and the manufacturing challenges involved in the design are detailed.
II. DESIGN REQUIREMENT AND CONCEPT SELECTION
The extreme environment presents a set of constraint on the design of the machine as well as the performance and efficiency expectations. The weight and the volume are the key design constraints which are dictated by the lack of available cooling and the short duty of the system. The design must also meet the following constraints.
1) The design envelope is limited to 200 mm × 200 mm × 200 mm (length × width × depth).
2) The power density should be higher than 16 kW/kg.
3) The design should provide maximum starting torque and high efficiency. 4) The maximum converter dc-link voltage should be less than 700 V. 5) The ambient temperature is over 80°C. Since the power density is a key design target, the design has to be traded between power-to-volume and power-to-weight. The machine must also be able to accelerate to speed within 1 s as the operational time is limited to 12 s. The machine is therefore ultimately designed to fulfil the performance while minimizing the overall size and weight together with reduced rotor mass.
From initial tradeoff study between different candidate machines, it has been found that a PM solution which is thermally limited provides high power density [35] , [36] compared to both an IM [37] [38] [39] and a switch reluctance machine (SRM) [17] , [40] . It is also seen that an IM is severely limited by magnetic saturation and thus to achieve high performance, the machine would have to be oversized or loaded with high current [41] . This results in poor efficiency performance. The SRM is the heaviest option due to the requirement of high peak torque. It is worth noting that the SRM has a significant torque ripple which also makes this topology unsuitable [42] . The PM is therefore selected for the design.
III. INITIAL CONSIDERATION ON OPERATIONAL ENVIRONMENT AND DESIGN MATERIAL
A way of achieving higher power density is through effective thermal management. In this design exercise, this fundamental concept is explored to achieve higher power densities of more than 16 kW/kg in these extreme environments. Due to space limitation for applications in such high altitudes environments, such as aerospace, a physical machine design envelope of 200 mm × 200 mm × 200 mm cuboid is considered. A thermal ambience of 80°C, which is not uncommon for such applications, is set as the normal temperature for the machine operating environment. The other factors affecting the machine design are the supply voltage from the power electronics converter, This is set to a maximum of 700 V and the machine is also expected to deliver a high torque and faster acceleration.
In order to adopt high current loading and achieve a high power density, instead of Class H, enameled copper magnet wire (rated to 180°C) or high-temperature versions of enameled (polyimide) copper magnet wire (up to 245°C), stainless steel (e.g., nickel) clad copper wire with ceramic fiber insulation is the most readily available option, with maximum operation temperatures up to 700°C, can be used [43] . But, due to the ceramic insulation, the minimum bend radius of this type of wire is large. This reduces the compactness of the end winding, consequently increasing the machine size. Also the stainless steel cladding introduces losses and requires welding for the electrical connection of the wire, rather than traditional means such as soldering. In addition, to perform the operation over 400°C, the ceramic insulator is required. This is because of other slot wall insulation material such as Kapton films and Nomex are limited up to 375°C. Due to higher insulation thickness of ceramic, the available slot area reduces, consequently it increases the winding losses.
Unlike the insulation material, the soft magnetic steels actually perform better at high temperatures as saturation flux density increases as a function of temperature and thus, the iron losses become lower. The key concern is the surface insulation of the steel which must be chosen to withstand the high temperatures. In contrast, the performance of the hard magnetic material is thermally limited, for example, temperature rating of neodymium-iron-boron is limited up to 250°C, while samarium cobalt is up to 350°C. To withstand high temperature over 350°C, Alnico permanent magnets can be used instead, but due to their reduced remnant flux, the size is needed to be compromised to maintain similar performance.
Not only is the operational temperature an issue, the altitude at which the machine must operate is also a concern. Typically, a machine operated over an altitude of 1000 m experiences increased temperature as the ambient air has less cooling capacity. In addition, poor ventilation due to dirty or salty air also puts the machines lifespan at risk. Therefore, an importance is initially given into material selection and maximum operational temperature. Fig. 1 represents the process involved in the optimization of the design. The optimization is undertaken in four main steps.
IV. DESIGN OPTIMIZATION
The optimization process starts with a surface-mounted PM machine with selected slot (S) and pole (P) combinations and associated winding arrangements. As illustrated in Fig. 2 , both concentrated winding (CW) and distributed winding (DW) arrangements are considered for different slot and pole selections in which the number of slots and pole are limited to 60 and 30, respectively. The choice of the slot and pole numbers have been selected considering the manufacturing difficulties involved when a high slot number is selected for a limited envelope and also because a high pole number introduces high switching losses in the converter. In the selection of the material for the design of the stator, Cobalt iron material is adopted due to its high saturation flux density. Specifically, samarium cobalt material which can withstand high temperature and also has a better reversible temperature coefficient than other similar materials available such as neodymium-iron-boron is used for the PM machines design. To enhance the airgap flux density while allowing for the utilization of both back-iron and shaft as a single solid body, a Halbach array magnet arrangement is adopted. For the winding material, the polyimide enameled copper magnet wire (up to 245°C), is adopted along with the Nomex slot insulator.
In the second stage of the optimization process, the machines physical design variables such as OD, SR, AR, TR, l g , S or , h t , α, h m , S t , N t , and I p are set within a range as in Table I .
These design parameters are limited by the following constraints: 1) no-load air gap flux density ࣘ1.1 T; 2) efficiency ࣙ 90%; 3) maximum power requirement; 4) converter voltage limit ࣘ700 V; 5) maximum stress acting on the sleeve ࣘ1250 MPa; 6) maximum hotspot winding temperature (T max ) ࣘtemperature of 220°C (with margin of 10%). In the third stage of the process, a multiobjective GA adopted for the optimization process is implemented. The method used for the optimization is the NSGAII, which was developed in [44] . As in other evolutionary algorithms, first, the NSGA-II algorithm generates a random initial population which evolves during the optimization process toward the global optimum. The key objective of the optimization is to search for a design that has maximum torque per kg and maximum torque per volume. These objective functions are evaluated for each individual criterion and then ranked. The offspring population is generated from the current population by selection, crossover, and mutation. Finally, the process is repeated until the algorithm stops or a stopping condition (in this case, a maximum number of iterations) is satisfied. The functionality of the optimization tool can be found in detail in [44] and therefore not presented in this paper.
To avoid the geometry conflict due to the model parameters' dependency between themselves, an error routine is implemented within the optimization. The error routine consists of two set of procedures. First, one limits the maximum and allows the maximum to be default when a geometry parameter exceeds the maximum value. For example, for an OD of 200 mm, SR of 0.7, airgap of 1 mm, sleeve thickness of 1 mm and AR of 2, resultant axial length l stk would be 276 mm, but in this case, the design takes the maximum default value of 200 mm defined. This routine is also implemented for the slot opening. The second routine is used to prioritize the geometry parameter. For example, when a rotor diameter is limited due to parameters such as SR, airgap, and sleeve thickness, the envelope for both the magnet and the rotor back-iron may not be sufficient enough. In such cases, the routine allows prioritizing the magnet thickness over the back-iron depth. If the back-iron depth is less than the defined minimal, the magnet thickness will be re-evaluated by taking into account default value for the back-iron. In a similar manner, the stator's geometry parameters are also handled. It is worth noting that the solution is defined to be null when the rotor geometry failed to satisfy the critical speed limit predicted by the structural model. A combined analytical model that predicts electromagnetic, thermal, and structural performance of the machines is developed. For a successful evaluation of the analytical model, a number of assumptions are made, these include the following.
1) The laminated steels have an infinite permeability.
2) The slotting effects are neglected.
3) Only the fundamental winding factor harmonic is considered. 4) Iron losses due to localized saturations are neglected. 5) Slot fill factor of 0.5 is considered. 6) High-frequency effect on winding is not considered. 7) Demagnetization and localized stresses are neglected. 8) There is no heat dissipation from the windings to the surrounding material. Under above assumptions, the developed models are detailed in the following sections.
A. Electromagnetic Model
The fundamental relationship for torque production in PM machines is linked to Lorentz force in which the force F on a single conductor carrying a current I in a uniform magnetic field B can be expressed as [45] 
If an electrical machine is considered to have N ph conductors per phase carrying a current I and the windings are represented in an equivalent current sheet around the airgap perimeter, the linear current density A for a unit length can be described as
where d b is the stator bore diameter and factor 3 represents the number of phase windings. The force on the conductors can be expressed as a shear/normal stress σ [46] 
where the flux density B is known as the magnetic loading and the linear current density A is also known as the electric loading.
Since the machine has rotor diameter d r and stack length of l stk , the sheer stress σ which produces a torque T can be written as
where V r is the rotor volume of the considered machine. Thus, (4) can be rewritten as [45] T = 2V r BA.
From (4) and (5), it is evident that the torque generated by the machine is proportional to the product of its rotor volume (∝ d 2 l stk ) and shear stress, where the shear stress is the product of the magnetic and electric loading. In the design, the electrical loading is restricted by factors such as the allowable slot area to accommodate the winding, the achievable packing factor of copper (K f ) in the stator slots, and the allowable copper current density based on the maximum allowable winding temperature rise. The magnetic loading is defined by both magnets' material properties and magnets' dimensions, such as pole span and height. The magnetic loading is however limited by the saturation of the stator material used. Although the magnetic saturation is not considered in the model, it can be systematically included by knowing the properties of the stator material. Since the airgap flux density is known, the width of the stator tooth, and back iron thickness can be estimated by taking into account the saturation flux density at both stator tooth and back-iron. In parallel, the influence of the magnetic loading on current loading due to changes in the available slot area can also be calculated within the model.
To estimate the fundamental harmonic of the phase voltage, the back electromotive force (e) and voltage drop across active (resistance-R) and passive components (inductance-L and drop across iron-V i ) has to be calculated. These can be calculated from the following equations [46] :
where f is the electrical frequency, k w is the winding factor associated to the considered winding arrangement, l e is the end winding length and ρ is the resistivity of the conductive medium in the slot. P t is the total permeance associated with both the geometry and the winding arrangement. To estimate the inductances accurately, the flux-leakage model based on the slot geometry [46] is adopted wherein tooth-tip and slot opening are accounted for. It is worth noting that the slotting effect is however not considered in the torque estimation. The iron losses are estimated based on Bertotti's equation by averaging the flux density over a given area [47] . From these parameters, the resultant phase voltage is computed. Once the geometrical parameters associated with the design are predicted, the mass can be estimated based on the mass density of the material adopted.
Once the whole electromagnetic performance is predicted, the losses obtained are fed into the thermal model, which is used to ensure that the operation of the machine does not exceed the thermal limit, this is even more crucial when working which such a high-current density machine.
B. Thermal Model
As previously mentioned, the thermal hotspot is expected to occur at the winding due to high torque density requirements for a given operational time. To assess this temperature rise within the winding, a thermal model is therefore adopted. This makes a basic assumption that during the operation all the losses generated by the windings go toward increasing the windings temperature and it has linear characteristics within the considered time interval. It is thus assumed that there is no heat transfer from the windings to the surrounding magnetic material. This represents the worst-case thermal condition within the slot. Hence, based on the winding losses predicted by the electromagnetic model, the temperature rise within the slot domain can be expressed as follows:
where
where I p is the phase current, m is the mass of the winding, and c p is the specific thermal heat capacity of copper. R i is the initial resistance at the operating speed of the machine, T emp i is the initial temperature of the machine, which is assumed equal to the ambient temperature (80°C) and α 1 is the temperature coefficient of resistivity. Given that the machine is only under operation for a period of t p , the final temperature of the machine (T em pf ) can be rewritten as
C. Structural Model
Since the centrifugal force generates the significant stresses on the retaining sleeve as well as the magnets, selection of both the rotor diameter and the thickness of the sleeve have huge impact on the design. A large rotor diameter which increases the torque production requires an increased sleeve's thickness to withstand the centrifugal force. Increasing the sleeve thickness results in an increased magnetic air gap, which minimizes the magnetic loading and thus, torque production. To effectively include these influences within the design, a structural model proposed in [48] is adopted. The adopted model calculates the minimal sleeve thickness for a given stress constraints by taking into account the rotor parameters. A safety margin of 20% is kept in the estimation of the sleeve thicknesses. The detailed model can be found in [48] .
Critical speed is another structural constraint which determines the parameters of the rotor such as diameter and length. This is also influenced by the material used in the design. A formula given in (12) is therefore used to estimate the critical speed of the design wherein the material properties adopted for the design is used [49] 
where g is the gravity acceleration, J is the moment of inertia. W s , L s , and W r and L r are the weight and length of the shaft and the rotor, respectively. E s and E r are the modulus elasticity of the shaft and the rotor materials, respectively. Throughout the optimization, the critical speed is kept 125% of the operational speed.
D. Experimental Validation of Thermal Model
In order to obtain best design that has high power-to-weight and high power-to-volume, accuracy of the thermal model is important as it dictates the current loading for a given slot area. An experiment to validate the adopted thermal model within the design routine is therefore carried out using a motorette, which is a six slot section of a stator. The motorette was constructed with a traditional water jacket and a double-layered DW. The water jacket was used to return to starting temperatures after the test, not during the thermal increase. The copper was wound as if it were a three-phase machine, but the ends of each phases were connected in series to allow for a single supply to power them all. The motorette, with water jacket and thermal insulation to the surface, is shown in Fig. 3 . To increase the temperature in the windings a dc current was passed through the conductors. Using a dc current ensures the only losses are dc copper losses, which are easily and accurately calculable. This ensured that the total power converted to thermal energy was known exactly, which will be useful in later sections when the results were used to validate thermal models.
The windings were heated up to above the ambient of 80°C and allowed to cool back to this value. A short burst, greater than 10 s, of the desired current density was then applied. For each current density value the winding was allowed to cool back to 80°C and the current was applied again, this was cycled multiple times to ensure repeatability. The temperature was measured using thermocouples at various key spots, such as in the slot and the end windings. In the critical areas multiple thermocouples were used to obtain a temperature map, and to ensure the hotspot was observed. To test the temperature increase, a range of current density values were used to give a spectrum of results. The results obtained are presented in Fig. 4 . The measured results under different current density clarify that regardless of amount of power losses, the heat generated due to the winding losses, is entirely accommodated within the slot for a period of time.
While the losses of the thermal validation method would not match a full machine, the thermal pathways would. Often the downfall of thermal models is not the calculation of the losses but the overestimation of the conductivities, particularly in the slot. Under the model assumption on the generated heat due to copper losses, which is housed within the slot, the predicted temperature agrees well with the measured temperature. This Table II ).
clarifies that within the considered operational time the thermal conductivities between the slots to adjacent surface are negligible and thus, the heat transfer can be neglected-validating the capability of adopted model in predicting the thermal characteristics of any slot geometry, where the machine is under operation for a short time.
The above developed analytical models are integrated within the GA optimization tool to perform the optimization by taking into account the influence of the each domain on the design. Once the optimization routine is completed for a given slot and pole selection satisfying the constraints and criteria has been set, a design that has lower weight and volume is selected from the Pareto front [5] and then the selected candidate that went through the several stages of FE refinement, where the influence of the saturation, slotting effects, inductance variation, MMF harmonics, winding arrangement, and magnet demagnetization was considered.
V. RESULTS AND DISCUSSION
The population size for the DE is 50 with a generation size of 200, which leads to a total of 10 000 designs. From the Pareto front, one optimized machine which has higher power density is selected for further refinement through an FE method. Fig. 5 shows the power density of the optimized machines at last generation. From the results, it can clearly be seen that although optimized designs provide the power density requirement while satisfying the design constraints requirements, the majority of the designs fail to satisfy the power density limit of 16 kW/kg. Among qualified designs, A9 and B12 have the highest power density. It is worth noting that though A9 has slightly less winding factor compared to variants A4, A5, A6, A8, A11, A12, and A13, it provides higher power density. This is mainly due to the thermal performances, which dominate over the electromagnetic ones, where the design with high slot number has shown better performance. Since there is no significant heat transfer between slot and adjacent domains, high slot numbers facilitate reducing both the copper mass of a slot and the losses associated to those copper, consequently it reduces the temperature rise within the slot and allows for increased current loading. It is worth noting that though variant A11, A12, and A13 have high slot number, due to high pole numbers which restrict the electromagnetic performance, these provide reduced power density.
A. Influence of Slot, Pole, and Winding Type
Table II details the performance of the considered slot and pole selections, where the designs meet same power requirements. From the results, it can be seen that amongst the designs, the six-slot/four-pole is the heaviest solution. This is due to the low pole numbers and the low winding factor compared to other solutions. It can also be seen that the design cases are mostly limited by temperature, while a few cases, variants A11, A12, A13, B5, and B12, are electromagnetically restricted. Variants A11 to A13 consist of high pole numbers which limits the number of turns. As a result, it reduces the current loading as the maximum current is limited. Therefore, to achieve the torque required, the design needs to be oversized which ultimately adds the weight to the design. This is clearly evident in the solutions obtained for A11, A12, A13, and B5.
Though the higher pole number is expected to provide a higher torque, the design variant A6 (which has higher pole number than A5 for same slot number) provides a heavier solution. This is mainly due to a smaller slot per pole number compared to A5; consequently, it saturates the machine heavily than solution A5. This can further be seen from following groups which are concentrically wound: 9 slots with pole numbers 6 and 8; 12 slots For the DW case, it is clear that the weight of the machine reduces with an increase in both slot and pole numbers. This explains that the solution which has high slot and pole number provides the performance with minimal mass. But, it is worth considering at the prototype stage that increasing the slot number introduces manufacturing challenges and cost as the available slot area reduces. In the CW case, similar trend can be seen, however increasing the number of slots and poles would not be effective due to electromagnetic constraints such as number of turns and the voltage limit from the converter.
B. Thermal Aspects
Although the analytical thermal model does not consider the heat transfer between the windings and the surrounding bodies, this has been included in the refined final design via Motor-CAD thermal model [50] . Since the machine operation is within the linear temperature region, use of the stator outer periphery as a casing allows minimizing the weight and thus, power density can be improved. In the design, the machine is therefore considered to be enclosed as shown in Fig. 6 , where the stator outer periphery serves as a casing. As can be seen in Fig. 7 , though the analytical model does not follow the same conditions as the Motor-Cad model, it has similar characteristics within the considered operational interval. The hotspot temperature predicted by the Motor-Cad model starts to settle at 14 s whilst as expected the analytical model still has the linear characteristics.
From Fig. 7 , it is also worth highlighting that the higher slot number has very good thermal characteristics, with the hotspot temperature settling more quickly than the designs that consists of lower slot numbers. This is mainly due to the losses being distributed throughout the slot and the very good thermal path between the slot and the back-iron. This is not the case for lower slot numbers in which the slot area is larger resulting in poorer heat removal. Given the performance requirement of high power density, the initial design analysis indicates that both the 60-slot/10-pole design and 24-slot/16-pole design can be selected for the application. These two designs are further analyzed by considering the material's influences on the power density.
VI. INFLUENCE OF THE MATERIAL ON DESIGN
Within this section, influences of the material selection on the design are investigated for two selected configurations: 24-slot/16-pole and 60-slot/10-pole.
A. Winding Material
Instead of copper (Cu), aluminum (Al) is selected for winding and optimized for the designs, 24-slot/16-pole and 60-slot/ 10-pole. Due to low mass density, the design that includes aluminum as a winding material is expected to be lighter solution. In contrast, the higher resistivity of the aluminum requires larger slot area to reduce the losses and thus, accommodate the hotspot winding temperature. The design parameters and the performances obtained are stated in Table III . It can be seen from the results that the design which includes aluminum has a heavier and bulkier solution. This is mainly due to the increase in the outer diameter to accommodate the losses. Clearly, the aluminum would be economical in terms of initial cost. However, it occupies more space and adds additional weights which make the solution unattractive.
B. Type of Steel
Initial selection for the design is cobalt iron (Vacoflux-50, 0.3 mm of lamination thickness). As an alternative, silicon steel (JNHF, 0.1 mm of lamination thickness) is used for the stator and the designs are optimized accordingly. The adopted silicon steel has lower saturation flux density than cobalt iron but it has lower losses under high-frequency operation. Therefore, it is expected to provide comprehensive performance. However, from the results in Table III , it is clearly shown that the cobalt iron material allows the design to be smaller and lighter whilst silicon steel requires increased tooth and back-iron area to avoid the heavy saturation. Consequently, silicon steel reduces the active slot area and thus, to accommodate the thermal limit, the design has to be oversized. Since the power density is a major design constraint, the cobalt iron alloy is the best candidate although the material is expensive.
In conclusion, both the 60-slot/10-pole design and 24-slot/ 16-pole design can be a good candidate for the application. Though these are feasible, these have pros and cons. The 60-slot/10-pole design has slightly less mass than the 24-slot/16-pole design, which can be further reduced if the end windings are wound effectively. Due to the DW arrangement, the rotor has lower losses than the CW solution employed in a 24/16 machine. In addition, the 60/10 design requires a lower PM mass than the 24/16 machine, but the initial stator manufacturing will be costly and challenging due to the requirement of 60 slots. By contrast, the 24/16 machine design downsizes the cost and challenge, and improves the slot fill due to the windings which are wound only around a single tooth. This reduces the winding losses compared to the 60/10 solution. The key disadvantage of employing the 24/16 design is the operational frequency which is higher than the 60/10 machine solution. This would increase the switching losses associated with the converter counterpart, but on the other hand, it may reduce the harmonic losses associated with the machine. Considering the compactness of its winding and simplicity in the manufacturing, the 24/16 design is adopted for the further design prototyping.
VII. CONCLUSION
In this paper, an optimized design and analysis of a short-term electrical machine targeted for an extreme environment was presented. A PM machine was selected and designed adopting integrated electromagnetic and thermal models within an NSGA-II optimization tool. Via an experiment, it was shown that the adopted thermal model provides an accurate prediction of the temperature distribution within the machine windings. Then, the model was employed throughout the optimization process together with the electromagnetic model. Integra-tion of fully analytical tool within the NSGA-II optimization routine enables the designs of wider slot and pole combination with relatively minimal amount of time. From the short-duty designs, it is found that unlike the conventional machine design, where the winding factor highly influences the design choice, the selection of the slot numbers improves the power density due to reduced thermal mass and losses associated with a slot, which allows increasing the thermal load and thus, power density can be improved. It was also shown that high pole numbers are constrained due to the availability of volt-amp. For a given slot number, the concentrated wound solution becomes heavier when the slot per pole number reduces due to the increase in the back-iron depth to avoid saturation. For a given slot or slot per pole per phase, the distributed wound solution becomes lighter when the slot per pole number is smaller as the back-iron depth reduces. Since the winding losses are major losses component, use of high conductive material for winding and high saturation flux density material for stator allows achieving improved power density.
